Purpose: We estimated the potential global economic productivity loss resulting from vision impairment (VI) and blindness as a result of uncorrected myopia and myopic macular degeneration (MMD) in 2015.
Supplemental material available at www.aaojournal.org.
Myopia is an underappreciated but profound public health problem with tremendous potential economic impact, albeit with sparse data quantifying its impacts. 1 It is widely agreed that myopia is common and that the prevalence is increasing. For example, it has been estimated that by 2050, 50% and 10% of the global population will have myopia and high myopia by World Health Organization (WHO) definitions of e0.50 and e5.00 diopter (D) or less, respectively. 1e3 Data are strongest in East Asia, resulting in greater confidence in the estimates there; however, there is reasonable evidence that all regions are following similar trends. 1, 2 High myopia is particularly concerning because it is associated with significantly higher rates of vision impairment (VI) and blindness via pathologic conditions such as myopic macular degeneration (MMD). 4e8 Future high-myopia projections may be reduced by myopia control interventions; however, their global uptake has been limited. Uncorrected myopia, resulting from the inability to access spectacles, also can result in VI or blindness.
Intense near work and lack of time outside seem to increase the prevalence of myopia and high myopia, 2, 4 and developed and emerging economies in East and Southeast Asia have recorded the highest prevalences. 2 However, lower health expenditure and other variables indicating resource scarcity seem to increase the risk of someone with myopia experiencing VI from lack of vision correction or pathologic complications such as MMD. 9, 10 Success in supplying vision correction is described by spectacle coverage, or the percentage of people who have vision corrected to a normal level by spectacles, among all those who need spectacles. Contreras and Ackland 9 reported that distance-vision spectacle coverage ranged from 2% to 93% across the 27 countries around the world in which they were able to identify spectacle coverage data. Fricke et al 10 estimated that the prevalence of VI and blindness resulting from MMD was highest in Southeast Asia because of the combined effects of high myopia prevalence, the age distribution of high myopia, and resource limitations.
Vision impairment resulting from either MMD or uncorrected myopia has the potential to diminish both quality of life and productivity significantly. Economic evaluations quantifying such impacts are scarce but given the number of working-age people with VI resulting from MMD, there is the potential for a profound burden on communities. The global productivity loss resulting from uncorrected refractive error has been estimated at $202 billion United States dollars (US$) per annum after adjustment for countryspecific labor force participation and employment rates. 11, 12 This includes hyperopia and astigmatism as well as myopia and was based on uncorrected refractive error data from 2007. Economic evaluation of health care interventions provides valuable data for evidence-based advocacy, policy decisions, and patient care decisions. Given the apparent and predicted increases in myopia prevalence and the lack of data specific to productivity loss associated with myopia, we estimated the global economic productivity loss associated with the burden of VI and blindness resulting from uncorrected myopia and the pathologic consequences of myopia in 2015.
Methods

Estimating Vision Impairment Resulting from Uncorrected Myopia
We used WHO VI definitions: mild VI is worse than 20/40 but 20/ 60 or better, moderate VI is worse than 20/60 but 20/200 or better, severe VI is worse than 20/200 but 10/200 or better, and blindness is worse than 10/200. 13, 14 Evidence suggests that uncorrected myopia of e0.75 D but >e1.00 D, e1.00 D but >e2.50 D, e2.50 D but >e4.00 D, and e4.00 D or less cause acuity levels that most closely match the WHO VI definitions. 15 We estimated the prevalence of myopia in these brackets in each country, in each 5-year age group from 0 to 100 years or older, in urban and rural areas, using the methods of Holden et al. 2 Holden et al performed a systematic review that identified 145 studies covering 2.1 million participants; modelled myopia definition against prevalence to enable standardization of data sources; modelled myopia prevalence over time to enable standardization to a reference year of 2010 as well as projections forward and backward from there; meta-analyzed within regions, in 21 separate age groups, with separate urban and rural data; interpolated and extrapolated as needed between age groups and regions; and then combined prevalence with population data to calculate the number of people affected by myopia, as summarized in Figure S1 (available at www.aaojournal.org). 2 We searched for alternative models, but found no comparable evidence.
We extracted country-specific population data for 2015, in the same 5-year age groups from the United Nations World Population Prospects. 16 Population data from the United States Census Bureau were used for a small number of low-population states aggregated within the available United Nations data. 17 Country populations were split into urban and rural proportions using urbanization data from the United States' Central Intelligence Agency's World Factbook. 18 Countries were grouped into the 21 Global Burden of Disease regions for the purpose of data presentation. 19 Population, urbanization, and myopia prevalence estimates were combined to ascertain the number of people with myopia that, if uncorrected, would cause VI matching the visual acuity brackets with WHO disability weight data.
We performed a systematic search for myopia correction rates, coverage, or both on November 14, 2017, summarized in Figure 2 . We included articles that (1) were population-based studies quantifying spectacle correction rates, coverage for distance refractive error, or both; (2) included a mechanism to differentiate people with VI resulting from eye disease rather than from uncorrected refractive error; (3) used sampling representative of entire communities; and (4) had a sample size of at least 400 participants. We 
Estimated care-related productivity loss is also provided together with the sum of potential lost productivity in the individuals and care-related productivity loss.
excluded articles not available in English or that did not specify the number of eligible participants or participation rate, had unspecified or ambiguous definitions, had a participation rate of less than 70%, or were based on duplicate data used in other included studies. After applying inclusion and exclusion criteria and adding additional articles identified by key informants and reference lists of identified studies, we included 37 studies from 36 different countries, with a combined sample size of 174 736. 20e31 The included studies are summarized in Table S1 (available at www.aaojournal.org). Distance spectacle coverage data from the 37 accepted studies were analyzed against health and development indicators from the country and year of data collection. We assessed the relationship of spectacle coverage with gross domestic product (GDP) per capita (in US$ and in international dollars adjusted for purchasing power parity), 32 gross national income per capita (in both US$ and international dollars), 32 Gini coefficient, 32 eye care practitioner need, 11 health expenditure per capita (in both US$ and international dollars), 32 ratio of public-to-total health expenditure, 32 average years of education, 32 adult literacy, 32 Human Development Index (HDI), 33 Socio-Demographic Index, 34 annual per capita electric power consumption, 32 and mobile or cellular telephone subscriptions (per 100 people). 32 The equation providing the best explanation of variance was used to calculate country-specific spectacle coverage in 2015.
We also investigated the effect of urbanization and age on spectacle coverage within a country. From the identified correction coverage studies, 7 reported differences based on urbanization, 21e24,27,30,35 whereas 6 reported differences based on age. 23,24,30,36e38 We modelled this evidence to describe the effect of urbanization and age on spectacle coverage in countries at different levels of development.
The country-, urbanization-, and age-specific distance spectacle coverage estimates determined by these models were bound to lower and upper limits of 0% and 100% and were converted to the rate that refractive error remains uncorrected. The results were combined with the number of people with the relevant levels of myopia to estimate the number of people with mild, moderate, and severe VI and blindness from uncorrected myopia in 2015, as summarized in Figure S1 (available at www.aaojournal.org).
Estimating Vision Impairment Associated with Myopic Macular Degeneration
Even with refractive correction, higher myopia increases the risk of VI from a range of conditions including cataract, glaucoma, retinal pathologic features such as tears and detachment, and MMD. 39e41 However, data disaggregation is difficult to achieve for most of these conditions, and we were able to separate only VI associated with MMD with any surety. Country-specific VI and blindness resulting from MMD prevalence data for 2015, in 5-year age groups from 0 to 90 years of age or older, were derived using the methods and data of Fricke et al. 10 We combined population data with the MMD data to estimate the number of people with VI and blindness resulting from MMD in 2015, as summarized in Figure S1 (available at www.aaojournal.org).
Estimating Lost Productivity
The Global Health Estimates Technical Paper published by WHO was chosen as the most current and internationally accepted source of disability weight data. 13 The number of people with each level of VI, from each cause, within each age group, in each country was multiplied by the disability weight relevant to the impairment level (mild VI, moderate VI, severe VI, and blindness), 13 age-specific labor force participation rates, 32,42 employment rates, 32 and GDP per capita for 2015 in US$, as summarized in Figure S1 (available at www.aaojournal.org). 32 Published disability weights aggregate urbanization effects at the global level, whereas labor force participation, employment, and GDP per capita aggregate urbanization effects at the country level. The result is an estimate of the potential productivity lost at each level and to each cause of VI in 2015 US$.
Additionally, there is likely to be some "care cost" associated with each person with moderate VI, severe VI, or blindness that is likely to vary dramatically in nature and amount depending on impairment level, jurisdiction, and personal circumstance. To our knowledge, there are no studies quantifying care costs for people with a range of VI levels across different jurisdictions. Previous authors have conceptualized the care costs as assistance from an adult with normal sight who would lose productive time to the affected individual. 12, 43 We used their precedent of a 10% potential productivity loss for the care of each person with blindness and a 5% potential productivity loss for the care of each person with moderate or severe VI. 12, 43 We assumed that there would not be any productivity loss in the care of individuals with mild VI.
Confidence Intervals
Uncertainty in our cost estimates derived from 4 sources. First, the 95% confidence intervals (CIs) of the myopia prevalence estimates were entered into our calculations. 2 Second, uncertainty in spectacle coverage was estimated using the varianceecovariance of the regression model, where Third, the 95% CIs of the VI associated with MMD were entered into our calculations. 10 Finally, we applied the 95% CI estimate for vision loss in the 2015 WHO disability weights, i.e., 33.3% average uncertainty calculated as: 0.5 (upper bound e lower bound) / median value. 13 
Results
We estimated that there were 201 million people (95% CI, 148e538 million) with myopia of e0.75 D or less but more than e1.00 D, 857 million (95% CI, 638e1105 million) with myopia of e1.00 D or less but more than e2.50 D, 463 million (95% CI, 337e617 million) with myopia of e2.50 D or less but more than e4.00 D, and 515 million (95% CI, 381e686 million) with myopia of e4.00 D or less globally in 2015. The following equation was found to explain best the variance of spectacle coverage between countries (R 2 , 78%):
Distance spectacle coverage ¼ 1:698 Â ðHDIÞ 2 À 0:178:
This formula was used to estimate spectacle coverage in each country of the world, with 2 country-specific adjustments. First, analysis of distance spectacle coverage in urban and rural areas of the same age groups of the same country suggested the following adjustments: 21e24,27,30,35 (1) in countries with HDI of less than 0.4, the ratio of urban-to-overall spectacle coverage was 1.35, whereas the ratio of rural-to-overall spectacle coverage was 0.43; (2) in Standard error ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi ðintercept variance þ ðslope variance Â HDI 4 Þ À ð2 Â covariance Â HDI 2 ÞÞ q :
countries with HDI of 0.4 or more and 0.744 or less, the ratio of urban-to-overall spectacle coverage was 1.72 e 0.93 Â (HDI), whereas the ratio of rural-to-overall spectacle coverage was 1.52 Â (HDI) e 0.18; and (3) in countries with HDI of more than 0.744, the ratio of urban-to-overall spectacle coverage was 1.03, whereas the ratio of rural-to-overall spectacle coverage was 0.95. Second, analysis of distance spectacle coverage in different age groups of the same country suggested the following adjustments for age groups from 40 to 80 years of age inclusive: 23, 24, 30, 36, 37, 44 (1) in countries with HDI of less than 0.55, the ratio of age-specific spectacle coverage compared with overall coverage was 2.92 e 0.035 Â age; (2) in countries with HDI of 0.55 or more and HDI of 0.80 or less, the ratio of age-specific spectacle coverage compared with overall coverage was 1.82 e 0.015 Â age; and (3) in countries with HDI of more than 0.80, the ratio of age-specific spectacle coverage compared with overall coverage was 1.18 e 0.003 Â age.
In age groups younger than 40 years and older than 80 years, the same equations were used for each development level, but with age as a constant of 40 or 80 years, respectively. It should be noted that most spectacle coverage data have been gathered from participants older than 40 years, so there is less certainty for estimates from those younger than 40 years, although the data that do exist do not suggest any major variation other than the equations above. Table 2 shows our estimates of the number of people at each level of VI resulting from uncorrected myopia, the number of people at each level of VI resulting from MMD, and the lost productivity resulting from each cause and/or level of VI. Figure 3 shows the regional productivity loss owing to VI resulting from myopia. Southeast Asia, South Asia, and East Asia stand out as having well over twice the burden of any other region as a percentage of GDP: 1.35%, 1.30%, and 1.27%, respectively. Differences between regions result from the interplay between country-specific variables: myopia and high myopia prevalence, demographics, HDI, health expenditure, urbanization, labor force participation, employment, GDP, and population. In absolute terms (bottom graph), the same 3 regions show larger burdens than any other region, but East Asia is a particular standout because of its large population and comparatively high GDP per capita. Figure 4 shows the global productivity loss owing to VI resulting from myopia in each age group. Productivity loss in US$ peaks in the 25-to 29-year age group and then declines. Differences between age groups result from demographics, myopia and high myopia prevalences, the effect of age on distance spectacle coverage, the effect of age on VI resulting from MMD, and the labor force participation rate. When the effect of population age distribution is negated by considering productivity loss in US$ per capita terms (Fig 4, top) , the burden is distributed more evenly across working-age adults.
Discussion
Results suggest myopia has a global economic impact, with the greatest burden focused in Southeast Asia, South Asia, ). Regional productivity loss is determined by multiple components, each derived via either meta-analysis or modelling from its own systematically sourced set of primary data via the methodology summarized in Figure S1 (available at www.aaojournal.org). GBD ¼ Global Burden of Disease. and East Asia. Expected increases in myopia prevalence are likely to cause greatly increased public health and economic problems in the future unless action is taken to prevent myopia, to correct and control myopia after it has occurred, and to manage the pathologic complications of high myopia. 2 Encouraging data suggesting that time outdoors prevents or delays the onset of myopia, or both, 45, 46 together with the ability of optical, pharmacologic, and other interventions to correct VI and slow the progression of myopia, 47, 48 offer an opportunity to lessen future burden.
The HDI provided the best explanation of variance across national spectacle coverage evidence, as well as the effect of urbanization within countries. The HDI is a composite indicator calculated by the United Nations Development Programme that aggregates life expectancy at birth, expected years of schooling, and per-capita gross national income. Countries can achieve a high HDI via extremely good performance in 1 dimension, but generally, high HDI indicates a level of achievement over all 3 dimensions: health, education, and wealth. Our modeling suggests that older people in rural areas of the least developed countries carry the greatest burden of VI resulting from uncorrected refractive error. This does not neatly translate to the regional myopia-related productivity losses illustrated in Figure 3 , because myopia prevalence, labor force participation and employment rates, and GDP per capita counteract the effect of spectacle coverage to various extents. Figure 3 shows that the balance of these factors suggests that East Asia shows by far the greatest productivity loss resulting from myopia in total dollar terms, but that South Asia and Southeast Asia carry a similar burden to East Asia as a percentage of GDP.
Eyesight influences the way a person relates to and integrates into society and can impact education, employment, child development, mental health, and functional capacity in older people. 49 The concentration of VI resulting from uncorrected refractive error in the least developed countries increases the difficulty for these countries to achieve United Nations sustainable development goal 1 (no poverty), goal 4 (quality education), goal 8 (decent work and economic growth), and goal 10 (reduced inequalities).
Previous studies based on 2007 data estimated US$202 billion annual global productivity loss resulting from distance VI caused by uncorrected refractive error, but that it would cost approximately US$20 billion to build the infrastructure, train the personnel, and deliver the services needed to correct all VI resulting from uncorrected refractive error over 5 years. 11, 12 These studies differed from the current study in that they (1) combined all types of refractive error, (2) did not include VI resulting from MMD, (3) were based on primary VI data identifying uncorrected refractive error as the cause, rather than myopia studies adjusted for correction rates and effect of MMD, (4) used simpler methods to extrapolate data between regions and over time, (5) used an all-ages figure for labor force participation rate, (6) used different disability weights, 50 and (7) were based on 2007 and earlier data.
One of the strengths of the current study is the modeling, described in "Methods" and illustrated in Figure S1 (available at www.aaojournal.org), which permits evidence-based estimations in countries lacking primary data, facilitates temporal changes to be accounted for, and enables more realistic age and urbanization adjustments. Accounting for changes over time is particularly important when estimating spectacle correction rates, VI resulting from uncorrected refractive error, or both because it seems that significant gains have been made over the past 20 years. 51, 52 Including VI resulting from MMD is another strength in terms of attempting to estimate the cost of myopia as a whole rather than just the refractive component.
Our study design has some potential limitations. The first is that the nature of our sequential methodologydestimating myopia at specific cutoffs, then determining each level of VI by adjusting by the location-and age-specific rate of uncorrected refractive errordmeans that errors can be cumulative. Second, because of lack of evidence to the contrary, we assumed that spectacle coverage was independent of refractive error type and magnitude, as long as it caused some level of VI. Third, our estimate of care-related productivity loss was based on assumptions previous authors have made, rather than primary evidence. 12, 43 We consider their assumptions conservative, which is appropriate given the lack of primary evidence. Fourth, because the care-associated productivity loss was a percentage of the potential productivity loss in individuals with VI and international labor laws mean that labor force participation is 0 in those younger than 15 years, our models returned no care-related impact for any individual younger than 15 years. Although it could be argued that this is overly conservative, we note that it is based on the precedence of previous authors who cited a lack of evidence 12, 43 and that children already require some level of care, meaning that it is more difficult to judge how much in additional resources may be required for a child with VI. Fifth, we assumed that people with any level of myopia, with vision correction and normal visual acuity when wearing their correction, are of equal employability and earning potential as nonmyopic people of the same age, country, and urbanization. Sixth, we believe that we have underestimated the productivity impact of pathologic conditions associated with myopia and high myopia. We limited our estimate of myopia-related pathologic features to MMD because of the availability of disaggregated evidence, which means that the increased risks of VI resulting from retinal detachment, glaucoma, and cataract are not included and that our estimate is likely to be conservative. 40, 41 Seventh, published disability weights, employment rates, labor force participation rates, and percapita GDP aggregate urban and rural samples. The aggregations may affect the accuracy of our estimates if the ratio of urban to rural people affected by myopia-related VI in a country differs significantly from that country's overall ratio of urban to rural people. There are factors pushing this ratio in both directions (e.g., higher myopia prevalence in urban areas, but lower spectacle correction rate in rural areas). Overall, these effects are minimal and we consider our estimates accurate within stated 95% CIs. We also note that the potential lost productivity resulting from myopia-related VI estimated in this study is only one part of the overall burden of myopia. Further studies are required to quantify other components of the overall burden, such as the cost of eye examinations, the cost of refractive corrections, the cost of managing pathologic consequences of myopia such as MMD, and related opportunity costs.
The value of any investment to prevent myopia, slow progression of myopia, improve spectacle correction rates, and improve outcomes in MMD depends on a comparison of lost productivity owing to VI resulting from myopia with the cost of prevention and management interventions. It has been estimated that the global cost of educating the additional personnel and establishing and operating the additional eye care facilities required to deal with VI resulting from uncorrected refractive error in 2007 was US$20 billion over 5 years. 11 The current estimate of potential global productivity loss associated with myopia is more than an order of magnitude larger than this cost of addressing uncorrected refractive error, highlighting an economic case for prioritizing the management of myopia. Even without aiming for myopia prevention or control or dealing with MMD, simply improving spectacle correction rates for people with myopia is estimated potentially to gain US$244 billion in productivity annually for a US$20 billion investment. Although our CIs cover a wide range, our lower 95% confidence limit is still 2.5 times the estimated cost of comprehensively addressing uncorrected refractive error. Additionally, the cost of addressing uncorrected refractive error may have increased since 2007. Although the number of people with myopia has increased, 2 this has been counterbalanced in part by improvements in spectacle correction rates, 51, 52 almost certainly retaining an overall net positive return under even the most conservative assumptions. Although policy makers in health and financial areas of both government and the private sector need to consider the estimated productivity effects associated with myopia in a broader framework of individual and societal costs, our results highlight the potential economic value of intervention.
